Abstract-This paper describes a new multi-degree-offreedom (MDOF) ultrasonic motor that comprises few parts and is based on low-cost thick-film technology. Conventional ultrasonic motors using bulk lead zirconate titanate (PZT) or thin-film PZT layers are relatively expensive at the present time. Thick-film printed PZT technology provides the opportunity to reduce the costs of ultrasonic motors. To demonstrate the feasibility of this approach, an ultrasonic motor was fabricated from alumina using thickfilm printed PZT actuators. The thick-film PZT and electrode layers were printed on a thin alumina plate, and a tiny cylinder was mounted at its center. This cylinder magnifies the lateral displacement of the stator, holds the spherical rotor, and transmits the driving force to the sphere. Three bending vibrations, B 22 , B 30 , B 03 , of the plate were applied to rotate the sphere. Sufficient displacements for rotating the sphere were obtained near the resonance of B 22 by applying an excitation voltage of 200 V peak-to-peak via a three-phase drive circuit. Rotations in three orthogonal directions have been observed by controlling the phase of the driving signal to the PZT electrodes, and a MDOF ultrasonic motor was successfully realized.
I. Introduction R ecently, both ultrasonic motors and piezoelectric actuators have been applied to many practical industrial applications. Some of these have been miniaturized into millimeter-sized devices and have been used, for example, in wrist watches [1] . These devices typically use bulk PZT ceramic plates, which exhibit high levels of piezoelectric activity and can generate large forces from moderate applied electric fields. Bulk ceramic PZT is, in its simplest forms (such as discs and plates), relatively inexpensive, although more elaborate shapes require more sophisticated processing and are therefore more expensive. Bulk ceramics must also be individually glued in place, and this extra processing also leads to increased costs. A lower cost method for producing piezoelectric actuators in a wide range of geometries for industrial requirements is particularly desirable.
An alternative approach to using bulk piezoceramics is either thin or thick-film technology. Materials deposited using thin-film techniques exhibit high levels of piezoelectric activity, but the thickness is limited to a few microns.
In addition, their deposition processes, being typically sputtering [2] , sol-gel [3] , or hydrothermal [4] techniques, are rather expensive. Thick films are based on standard screen printing technology, which has been widely used within the microelectronics industry for many years. It can produce thicker layers than thin-film deposition methods. Therefore thick-film printed PZT layers are capable of generating larger actuating forces than thin-film layers. An example of the use of a thick-film piezoelectric layer as an actuator is the silicon micropump described by Koch et al. [5] . An additional advantage of the thick-film approach is that it is possible to fabricate a complete ceramic structure without the need for adhesives to attach the various parts.
Traditional composite vibrators are fabricated by fixing bulk piezoelectric ceramics to metal structures using adhesives. The difference in thermal expansion coefficients results in thermal stress within the composite. Ceramic materials have lower thermal expansion coefficients than metals (typically 6 ppm/
• C for ceramics; greater than 15 ppm/
• C for metals) [6] . Therefore, the device described here, based wholly on ceramics, will not suffer from the high levels of thermally induced stress often experienced in traditional composite vibrators. It should be noted, however, that the upper temperature limit for operating our device is limited by the Curie temperature of the piezoceramic material (typically 190 • C).
In general, ultrasonic motors can achieve twodimensional linear motion, in addition to reversible rotary motion, in a single device [7] . This can be achieved by carefully designing the shape of the vibrator and by exciting the correct vibration modes [8] . This point has been illustrated by other researchers [9] , [10] , who have developed a MDOF ultrasonic motor capable of actuating in many directions.
This paper describes a new type of MDOF ultrasonic motor fabricated on an alumina substrate with thick-film PZT layers printed on its surface. The feasibility of producing an ultrasonic motor using printed PZT layers is demonstrated through the development of the MDOF ultrasonic motor constructed wholly of ceramic. There are many potential applications for this type of ultrasonic motor, including micro robots and optical devices. 
II. Operating Principle of MDOF Ultrasonic Motor
In general, an ultrasonic motor needs at least two vibration modes to form an elliptical displacement motion on the surface in contact with a rotor. Even single-phase drive ultrasonic motors consist of two vibration modes, which must be coupled to each other. All MDOF ultrasonic motors have advanced functionality compared with traditional single-degree-of-freedom (SDOF) ultrasonic motors. To achieve rotation around three orthogonal axes in the Cartesian coordinate system requires at least three resonant modes of which each displacement must be orthogonal to each other. The combination of various vibration modes has already been considered and demonstrated in MDOF ultrasonic motors [9] , [10] . The MDOF ultrasonic motor proposed here is based on three bending resonance modes of a thin alumina square plate. The motor has been designed such that these modes are excited by thick-film printed PZT actuators.
A. Combination of Resonant Modes
The stator of the ultrasonic motor consists of a 20-mm square alumina plate, 250 µm thick with an alumina cylinder, 3 mm outside diameter, 0.5 mm thick and 3 mm long, attached to the center of the plate. This serves to amplify the lateral displacements of the plate associated with the bending modes, which, on the surface of the plate, are quite small. The alumina cylinder also holds a small metal sphere that serves as the rotor at the center of the vibrator. The thick-film PZT electrodes were printed on the underside of the alumina plate. A schematic of the motor is shown in Fig. 1 .
The stator vibrator achieves the desired displacement of the rotor by generating both a rotary force and a vertical force (or thrust) that controls the surface friction between the vibrator and rotor. The rotary force and thrust are obtained by exciting the alumina plate into the correct mode of vibration. In this study, as a trial, the B 30 , B 03 , and B 22 modes of the square plate, as illustrated in Fig. 2 , were chosen. To illustrate the possible displacements, the deflections of a vertical bar located at the center of the plate are shown in Fig. 2 . This bar simulates the displacements of the cylinder used in the actual device. Both B 30 and B 03 modes generate moments and swing the bar; the B 22 mode produces a displacement in the direction perpendicular to the surface of the plate and, hence, shakes the bar vertically. Rotations around the x-axis, y-axis, and z-axis can be obtained by choosing a combination of resonant modes as shown in the boxed inserts in Fig. 2 . When the B 22 and B 30 modes are excited by two phases, an elliptical displacement motion occurs at the end of the bar. Therefore, a sphere located at the center of the substrate will rotate around the x-axis parallel to the direction of the moment vector. When the B 03 mode is combined with the B 22 mode in place of the B 30 mode, the rotor has rotation axis around the y-axis, because it is the orthogonal and symmetric mode of B 30 . Moreover, the combination of the B 30 and B 03 modes causes a mode rotation [11] . The vector product of the direction vector moments of these modes generates a rotary force around the z-axis at the center of the plate. The axis of rotation can be changed, and the direction of rotation is reversible by switching the phase of the drive signal. Finally, the B 22 mode has four nodal lines as shown in Fig. 2 
B. Modal Analyses
A finite element modal analysis (using a modified version of the SAP IV package) was used to simulate the structure to determine its resonant frequencies and associated mode shapes and to confirm the feasibility of the design. Fig. 3 shows some displacement plots from this simulation. and B 03 modes are orthogonal to each other and, because of their symmetrical shape, have the same resonance frequency. In these modes, the central cylinder is pushed upward and, because of the angular displacement of the plate, the tip of the cylinder is displaced laterally. Hence, the lateral displacements of the plate are magnified as expected. The resonance frequencies of the B 30 (B 03 ) and B 22 modes were 14.47 and 16.49 kHz, respectively. These frequencies should ideally be the same to reduce both mechanical and, as a result, electrical impedance. This improves the motor performance. In this case, however, the difference between these modes is not prohibitively large, and there is no other mode occurring between the B 30 (B 03 ) and the B 22 modes.
From the finite element analysis results and given previous work on degenerate-mode ultrasonic motors with nonequal resonant frequencies [8] , a degree of confidence was established that these resonant modes can be simultaneously excited at the same frequency. Indeed, that type of ultrasonic motor still works well, especially if the resonant frequencies are approximately tuned [8] . Hence, for this device, it was not essential that the resonant frequencies of the B 30 , B 03 , and B 22 modes were exactly the same. 
III. Fabrication and Experimental Procedure

A. Thick-Film Printed Layers
The first step in the fabrication process was to deposit the bottom electrode. This was achieved by screen printing the required pattern, a circular ring and leadout, at the center of the alumina substrate, as shown in Fig. 4 . A gold cermet conductor (ESL 9336) was used for both top and bottom electrodes. The electrode was dried at 150
• C and fired at 890
• C to sinter the film. The PZT paste was made from 95% PZT-5H powder (supplied by Morgan Electroceramics Ltd.), 5% lead borosilicate powder, and organic vehicle (ESL 400). This paste was printed through a stainless steel screen with a 23-µm thick emulsion layer using a Dek 1750RS printer [12] . Two print strokes were used to deposit a film that was then dried and fired. This was followed by an additional triple print, dry, and fire process, which yielded a PZT thickness of 95 µm. The PZT film was sintered at 890
• C. Next, the top electrode, patterned as shown in the upper part of Fig. 4 , was printed onto the PZT and subsequently dried and fired as before. The PZT is deposited in a sandwich between the top and bottom electrodes, forming a capacitor structure. The layout of the thick-film printed PZT and electrodes, and a crosssection through the electrode/PZT/electrode sandwich, is illustrated in Fig. 5 . The top electrode consists of one ring to excite the B 22 mode and four quadrants to excite the B 30 and B 03 modes. To excite and control the B 30 and B 03 modes of operation, the PZT between the quadrants on opposite halves of the device must be poled in opposite directions. To achieve this, a dc bipolar voltage source was simultaneously applied to the top electrodes, generating a poling field of ±4.2 MV/m on the appropriate electrodes. During poling, the PZT is maintained at 150
• C. Finally, the alumina cylinder was bonded with an adhesive at the center of the plate. Photographs of the motor showing the alumina plate and cylinder and the thick-film printed PZT layers and electrodes are shown in Fig. 6 . A stainless steel ball 3 mm in diameter is used as the rotor and is located on the cylinder.
B. Vibrator Performance
The resonant frequencies of the B 30 and B 22 modes were found, by measuring electrical impedance, to be 15.86 and 16.67 kHz, respectively. In this instance, the structure was excited by a driving voltage of 1 V rms. The frequency difference between the B 30 and B 22 modes was 1.2 kHz, and this was lower than the simulation result. The resonance responses were, however, rather small, and this is because the thick-film printed PZT layer has a relatively low piezoelectric coefficient, d 31 , of approximately −33 pC/N compared with the bulk value of −274 pC/N [13] .
Next, the structure was analyzed on a purpose-built optical fiber interferometer. Fig. 7 shows the amplitudes of displacement of each mode, and the phase difference between the applied signal and displacement, plotted against frequency. The applied excitation voltage for these measurements was 200 V, peak to peak. The resonant frequencies of the B 30 and B 22 modes were found to be to 15.45 and 16.2 kHz, respectively. This is again lower than the simulated values and also lower than the resonant frequency detected by the electrical impedance analysis described previously. This is because the optical interferometer measurements were taken with a much larger driving voltage, which increases the vibration velocity. This is due to the fact resonant frequencies fall with increasing vibration velocity.
Although the mode shape of each resonance was not fully mapped, the interferometer was used to confirm that the direction of vibration of the cylinder agreed with the design. The vertical displacement of the B 22 mode at the end face of the cylinder was measured at resonance using the interferometer and found to be 1.1 µm. The motor was positioned sideways under the interferometer to enable the horizontal displacements of the B 30 mode to be measured. The interferometer was positioned over the side face of the cylinder near the top edge. The horizontal displacement of the B 30 mode was found to be 2.2 µm at its resonance frequency. The amplitude of the B 30 mode was also found to be 1.2 µm at the resonance frequency of the B 22 mode. This amplitude was sufficient to drive the rotor, and, therefore, the motor could only be operated near the resonance frequency of the B 22 mode. The phase difference of the displacements of both modes varies with drive frequency. At the resonant frequency of the B 22 mode, the phase difference between displacements of the B 30 mode and B 22 mode was approximately 90
• . Hence, elliptic displacement motions for rotations around x-and y-axes occur when the drive signals for both modes are either in phase or out of phase.
C. Rotation Directions and Drive Circuit
This type of ultrasonic motor requires a three-phase drive source for its operation. Fig. 8 shows a block diagram of the drive circuit for the ultrasonic motor. The phase values in parentheses must be applied when each mode has the same resonance frequency. If the resonance frequency of the B 22 mode is different from the others, the phase of channel 1 at rotations around the x-and y-axes has to be shifted. It was found that the phase difference of channel 1 was zero because there was already a phase difference of 90
• between the displacement of the B 30 mode and the B 22 mode. A signal from a function generator was split into three, and then each phase was adjusted with a phase-shift network to a value corresponding to a rotation direction. The adjusted signals were amplified up to 200 V peak to peak by amplifiers and then applied to each electrode. Changing the rotation axis was accomplished by toggling channel 1 and simultaneously switching the phase of channels 2 and 3. All electrodes were used for rotations around the x-and y-axes, and the rotation change between these was achieved by inverting the phase of the signal on channel 3, thus switching between the B 30 and B 03 modes. Moreover, by inverting the phase of channel 1, rotations around both axes were reversed. For rotation around the z-axis, channel 1 must be opened, and the phase difference between channels 2 and 3 should be adjusted to +90
• or −90
• . In this case, the phase of channel 2 is fixed at +90
• and that of channel 3 is inverted for a reverse motion of rotation. Using this drive circuit, all directions of rotation were confirmed.
D. Velocity and Rotation Angle
To make a pre-load, the small metal spherical rotor of mass 0.1 g was put on the cylinder, as shown in Fig. 6(a) . It was pulled down onto the cylinder by an electromagnet, which enabled adjustment of the force toward the center of the vibrator. In this case, the pre-load was equivalent to 0.86 g, including the weight of the rotor. A small metal pin was also attached to the sphere to enable measurement of angular displacement. The mass of the pin was negligible compared with that of the spherical rotor, and, therefore, its effects on the angular displacement of the rotor can be neglected. The angular displacement of the rotor was clearly indicated by the pin, and this enabled precise measurement using a suitable protractor. Rotation angles of the rotor were changed by applying short bursts containing a number of sinusoidal pulses with a frequency of 16.23 kHz and an amplitude of 200 V peak to peak, as illustrated in Fig. 9 . Using this form of drive, measurements were then taken to determine the angular velocity and angular resolution achievable. An example of the measurement results is shown in Fig. 10 . The average velocities were calculated by dividing the measured angular rotation by the duration of the burst of pulses. At least 10 pulses were required to start the motor running under this condition. For a small number of pulses, the angular velocity rapidly increased to a maximum value of approximately 20 rad/s. Once this velocity is reached, it remains steady and repeatable. The maximum angular velocity obtained is limited by the contact duration and vibration velocity of the device [14] .
This method of driving the motor means the rotation angle can be determined by applying a given number of pulses, and, therefore, precision positioning of the rotor is possible. When the steady angular velocity region has been reached, the resolution of each angle was simply calculated from rotation angles divided by number of pulses and was found to be 0.08 deg for the x-axis, 0.07 deg for the yaxis, and 0.087 deg for the z-axis per unit pulse. This level of resolution is only achievable if given very smooth and uniform contact surfaces. At present, the roughness of the contact surface between a rotor and stator means this level of resolution cannot be achieved in practice. However, it is also possible to achieve finer angular resolution by applying a burst of pulses of <5 ms duration, i.e., operate the device in the non-linear region. This approach is only feasible provided the behavior of the motor is repeatable in the non-linear region. Theoretically, the properties of both of the x-and y-axes should be the same. The experimental results, however, indicate a small difference between the two. The cause of this is probably that the conditions of the contact surfaces between the rotor and the cylinder were slightly different between both rotations. When the motor is in operation, the rotor and the cylinder are in contact at a small point so that motor performance is greatly affected by the surface condition. Therefore, factors such as, for example, temperature, humidity, and rough-ness will influence the performance of the motor. Further studies are underway to improve the stability and increase the output torque.
IV. Conclusions
A MDOF ceramic ultrasonic motor comprising thickfilm printed PZT layers has been successfully realized. The PZT layer generates enough force to obtain sufficient displacement for the motor to operate. This motor not only has a relatively simple structure, but also can produce rotations in three orthogonal directions, as confirmed by both simulated and experimental results. Further improvements to the contact surface uniformity would increase the stability of this motor and enable precision positioning of the rotor. Under such conditions, this device would be capable of a resolution of rotor angle of approximately 0.08 deg per unit pulse after the initial 5-ms burst of drive pulses. The possibility of improving this resolution and accuracy of the rotor positioning by operating the motor in the non-linear region (<5 ms) is also currently being investigated.
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